Abstract. Doxorubicin (DOX) is one of the most important medicines used for the treatment for B cell lymphoma, yet its clinical efficacy is often limited by severe adverse effects. Drug-loaded microbubbles, combined with ultrasound (US) irradiation, has shown great promise in reducing DOX-induced side effects and improving therapeutic efficacy. Nevertheless, these drug-loaded microbubbles are non-targeted microbubbles with comparatively suboptimal efficiency. Therefore, we synthesized targeted and DOX-loaded microbubbles (DMs), combined with US irradiation, for triggering drug release in lymphoma B cells. DMs were coated with rituximab via a biotin-avidin linkage to target Raji cells that overexpress the CD-20 antigen. In the present study, the cell viability after treatment with rituximab-conjugated DMs (RDMs) containing 0.25, 0.5 and 1.0 µg/ml DOX + US was 45.69±6.85, 25.31±2.60 and 15.67±2.83%, respectively, which demonstrated that RDMs + US produced significantly higher cytotoxicity than the other treatments. The early apoptosis ratio in the Raji cells at 48 h after the treatment was 32.4±2.84%, which was notably higher than the ratio in the other treatment groups. The results confirm the hypothesis that US-mediated targeting of CD-20-positive B cell lymphoma and the use of DMs may improve the DOX therapeutic efficiency.
Introduction
B cell non-Hodgkin's lymphoma (NHL) is a high incidence malignancy of lymphoid tissues that affects patients all over the world and accounts for ~85% of NHL cases (1) . Currently, chemotherapy and radiotherapy, particularly the former, are the main approaches for the treatment of B cell NHL in clinical applications. At present, rituximab plus cyclophosphamide, doxorubicin (DOX), vincristine, and prednisone (R-CHOP) has become the first-line treatment regimen for B cell NHL. The 5-year overall survival rate of patients with B cell NHL has improved to ~60% due to the application of R-CHOP regimens (2) . Unfortunately, DOX, as the major cytotoxic agent of R-CHOP, is often limited in clinical application due to severe adverse effects such as myelosuppression, cardiomyopathy and congestive heart failure (3), which are mainly associated with non-specific biodistribution of DOX. Therefore, a novel strategy to improve the targeting of DOX to B cell NHL is urgently needed for minimizing the side effects and maximizing the therapeutic efficacy.
The appearance of targeted drug delivery systems based on a combination of polymeric microbubbles (MBs) and ultrasound (US) provides a promising approach for improving the targeting of traditional chemotherapeutic drugs. Additionally, compared with other drug delivery systems, targeted drug delivery systems have the advantages of satisfactory chemical stability, biodegradability, low toxicity and easy chemical modification (4) (5) (6) . Previous research has confirmed that carriers conjugated to monoclonal antibodies (7) (8) (9) , galactoseconjugated chitosan (10) , transferrin (11, 12) , peptides (13, 14) , and folate (15, 16) for drug delivery have produced promising therapeutic effects in solid tumors. A non-targeted drug delivery carrier called DOX-loaded MBs (DMs) was successfully synthesized, as described previously (17) . However, DMs easily aggregate in the reticuloendothelial system, leading to a low drug concentration at the tumor site. To improve DOX targeting, enhance therapeutic efficacy, and reduce systemic toxicity, rituximab-conjugated DMs (RDMs) were developed. Rituximab, a monoclonal antibody, is primarily used for immunotherapy of CD-20-positive B cell lymphoma (18) . However, in those drug delivery system formulations, rituximab is intended to serve as a targeted ligand rather than as a therapeutic agent.
In the present study, rituximab was conjugated onto the surface of DMs, and US was used to destroy RDMs to increase the release of DOX and improve the targeting and cytotoxicity Preparation of the DMs. Polymer MBs encapsulating DOX were prepared by a double US emulsion (water/oil/water) evaporation process. MPLA (0.5 g) was completely dissolved in 10 ml of chloroform liquid with stirring. The solution was then mixed with 5 mg DOX (dissolved in 1.5 ml distilled water) and the mixture was emulsified by a US emulsification apparatus for 90 min at 100 W. The mixture was then mixed with 0.5 ml Span-80. After that, the vial was degassed and reperfused with nitrogen with stirring (23,000 rpm, 5 min) to form a primary uniform and stable emulsified microbubble solution. The primary emulsion was poured into the cold PVA (50 ml, 5%) solution containing Tween-80, and stirred at 21,000 rpm at room temperature for 0.5 h for the second emulsion. The double emulsion was poured into 50 ml of an isopropyl alcohol solution (2.5%, w/v) and then the final solution was mechanically stirred at room temperature for 3 h to volatilize the chloroform liquid. The supernatant was discarded after the solution was centrifuged at 4,800 rpm for 5 min. Then, the remaining supernatant was removed after centrifugation at 1,800 rpm for 5 min; the solution was resuspended with distilled water and washed with ultrapure water several times until the supernatant became transparent. The precipitates resuspended in ultrapure water were preserved in a 4˚C refrigerator. Pure MBs were prepared similarly but without DOX solution. MBs were sterilized by cobalt 60 ( 60 Co) irradiation.
Preparation of the RDMs. Covalent binding of the activated carboxyl groups on the surface of DMs was accomplished via the eDC chemistry method in the presence of N-hydroxysuccinimide (NHS). The prepared DMs were dissolved in PBS buffer (pH=4.7), and eDC and NHS, in an equimolar ratio, were added into the DM solution. The carboxyl groups were activated for 1 h at room temperature by stirring. The supernatant was discarded after the mixture was centrifuged. Then the precipitations were suspended in PBS buffer, pH=7.4), and Amine-Peg2000-Biotin was added to the MeS buffer. Subsequently, the mixture was allowed to react for 2 h at room temperature with stirring to obtain the biotinylated DMs. for the apoptosis experiment, the biotinylated DMs were incubated with DyLight 488-labeled avidin/avidin without fluorescence (1 mg/ml; Boster, Wuhan, China) for 10 min at room temperature. The DMs were subsequently centrifuged three times and resuspended with fresh PBS buffer to remove surplus avidin. Thereafter, rituximab was biotinylated using the eZ-Link™ Sulfo-LC-Biotinylation kit according to the manufacturer's instructions. finally, biotinylated rituximab was added to the DM suspension and incubated for 10 min. The RDMs were rinsed three times and centrifuged to remove surplus biotinylated rituximab.
Characterization of the RDMs
Size distribution, zeta potential and assessment of conjugation efficiency. The morphological characterization of the RDMs was investigated using a scanning electron microscope (SeM, Hitachi S-4800; Japan); the structures of the RDMs were analyzed using transmission electron microscopy (TeM, Hitachi H-7600; Japan); and the mean diameter, size distribution and zeta potential of the RDMs were evaluated using a Malvern Zetasizer Nano ZS unit (Malvern Instruments, UK).
The rituximab coupling efficiency was determined by measuring the absorbance of the DyLight 488-avidin solution and biotinylated DMs with a fluorescence spectrophotometer at a maximum excitation wavelength of 493 nm and a maximum emission wavelength of 518 nm. The quantities of rituximab on the biotinylated DMs [binding efficiency (%)] were calculated as the ratio of intensity of biotinylated DMs to the intensity of the DyLight 488-labeled avidin samples.
Drug loading efficiency and US-mediated drug release assay. The drug encapsulation efficiency was estimated using ultraviolet-visible spectrophotometry by estimating the amount of encapsulated DOX. The standard curve for the doxorubicin solution was evaluated, and then a sample was centrifuged to collect the precipitate. The MB precipitate was completely solubilized by the same volume of 5% hydrochloric acid:ethanol solution, and the supernatant was used to determine the OD value at an excitation wavelength of 495 nm. Drug encapsulation efficiency and loading efficiency were calculated using the following equations: encapsulation efficiency = Wa/Wb x 100%; Loading efficiency = Wa/Wc x 100%; where Wa represents the total drug amount in the DMs; Wb represents the total weight of DOX used in the fabrication of the DMs; and Wc represents the total weight of MPLA used in the fabrication of the DMs. each process was performed in triplicate.
Sonication investigation was performed to evaluate the DOX release response in the sound field. Immediately after the MBs were fabricated, they were used for the ultrasonically triggered release response. The experimental parameters for sonication were similar to those in the literature (19, 20) . The MBs were enclosed in dialysis bags (MWCO, 10,000 Da), which were placed in a container of 50 ml PBS with shaking at 100 rpm at 37˚C. The MB solution was then sonicated with US (power density, 2.0 W/cm 2 ; frequency, 1 MHz; duty cycle, 50%) for 40 sec. At the proper intervals, 1 ml of dialysate was removed from the sample and stored at 4˚C for analysis. At the same time, the same volume of PBS was added to the container to ensure a constant volume. The concentration of DOX in the sample was determined using UV-VIS spectrophotometry. Subsequently, the cumulative ratios of DOX release were computed as a function of time. The control group received the same method, except without sonication.
Cell culture and assessment of the target binding. The human lymphoma cell lines, Raji and Jurkat, which were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), were grown in RPMI-1640 medium with 10% (v/v) fetal bovine serum (fBS; gibco, Australian origin) and 1% penicillin-streptomycin and incubated in a humidified atmosphere at 5% CO 2 and 37˚C. The Raji cell line was used as a CD-20-positive cell line and the Jurkat cell line was used as a CD-20-negative cell line. for all experiments, the cells growing in suspension were subcultured by centrifugation using a ratio of 1:4.
After the cells were fixed in NeST glass culture dishes, 50 µl of targeting RDMs and non-targeting DMs were added into the dishes for the cells to be in contact with the RDMs or DMs by shaking. After 30 min of target binding at room temperature, the dishes were washed twice with PBS and examined using a confocal laser scanning microscope (CLSM fV1000; Olympus, Japan) using a 100X oil objective at excitation wavelengths of 488 and 585 nm. Blocking tests were performed by pre-incubating the Raji cells with rituximab for 30 min followed by washing and the targeted RDM interaction. Jurkat cells were used as a control, and the targeting binding of RDMs to Jurkat cells was performed using the same methods.
Evaluation of cell assays in vitro
Cytotoxicity assay. Raji cells were seeded in 24-well plates at a density of 1x10 5 cells/well in RPMI-1640 medium. The Raji cells were treated with unloaded MBs, DOX, DOX + US, DMs, DMs + US, RDMs and RDMs + US at final DOX concentrations of 0.25, 0.5 and 1.0 µg/ml. Wells treated with RPMI-1640 medium were used as controls. MBs were administered to the cells for a 30-min targeted conjugation followed by the application of US as before. Cells were incubated in a humidified atmosphere at 5% CO 2 and 37˚C. After a 48-h treatment, the cells were washed in PBS three times and replaced with fresh culture medium. Cell viability was detected by measuring the absorbance value at 450 nm using a microplate reader, according to the instructions provided in the Cell Counting Kit-8.
Cell apoptosis assay. Early apoptosis was determined by evaluating cells with an Annexin V apoptosis kit by flow cytometry using CellQuest software. The cells, after treatment for 48 h, were rinsed with cold PBS twice and resuspended in 195 µl of binding buffer solution and stained with 5 µl of fITC-labeled Annexin V for 15-20 min at room temperature in the dark. The cells without treatment were considered the control group.
Western blot analysis. After the relevant treatment, the cells were lysed in RIPA buffer containing Protease Inhibitor Cocktail Set I and centrifuged at 12,000 rpm for 10 min at 4˚C. Protein extraction was performed on ice, resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAge) and transferred onto nitrocellulose membranes. Subsequently, the membranes were blocked using 5% skim milk for 2 h at room temperature and incubated with bcl-2, bax, caspase-3 and β-actin primary monoclonal antibodies overnight at 4˚C and then with the horseradish peroxidaseconjugated goat anti-rabbit secondary antibody for 2 h at room temperature. The protein bands were explored by an enhanced chemiluminescence (eCL system; Amersham, UK) detection system and quantified using the ImageJ software.
Statistical analysis.
All experiments were performed in triplicate. Data are presented as the mean ± standard deviation and were analyzed using SPSS 16.0 software (SPSS, Chicago, IL, USA). Statistical analysis was performed using the Student's t-test. A probability value of P<0.05 was accepted as a significant difference. fig. 1 illustrates the concept for RDM-targeted Raji cells and controlled release triggered by additional US irradiation. The DOX triggered by sonication was delivered into the Raji cells and enhanced intracellular drug accumulation. The well global morphology and size distribution of the RDMs were distinctly observed in the scanning electron microscopic image ( fig. 2A ) and the transmission electron microscopic image ( fig. 2B ). The mean diameter of the RDMs was in the range of 505.7±229.1 nm (standard deviation) ( fig. 2C) . The zeta potential of the RDMs was -28.9±11.5 mV (standard deviation) ( fig. 2D and Table I ). These findings indicate that the encapsulation of DOX in the core and binding of rituximab on the surface of DMs slightly affected the particle size and surface charge of the RDMs. Fluorescence imaging of the RDMs demonstrated a dense layer of green (DyLight 488-labeled avidin) and red (DOX auto-fluorescence) fluorescence with morphologies consistent with that observed using bright field CLSM (fig. 2e) . The quantities of the targeting moiety on the surface of the RDMs were evaluated by detecting the fluorescence intensity of the RDM suspensions after the conjugation procedures were performed. The fluorescence intensity of the RDMs was 70.76%, of the DyLight 488-labeled avidin samples, revealing perfect conjugation efficiency of DyLight 488-labeled avidin to biotinylated DMs ( fig. 2f) . Due to the extraordinarily high affinity of avidin for biotin, we indirectly presumed the same high adhesion of biotinylated rituximab to the avidinconjugated DMs. 
Results

Characterization of RDMs.
DOX-loaded and US-mediated drug release in vitro.
The properties of the DMs as a drug delivery system were assessed by the DOX encapsulation efficiency and loading efficiency. The encapsulation and the loading efficiency of DOX in the DMs were 51.2±1.05 and 5.07±0.22%, respectively. In contrast, the encapsulation efficiency of DOX was 49.12±2.26% and the loading efficiency was 4.86±0.31% in the RDMs. The conjugation of rituximab onto the shell of the DMs did not change the DOX encapsulation efficiency nor the loading efficiency.
The release profiles of DOX from the DMs with/without US irradiation were examined to assess the effects of sonication on DOX release. The release profile was described by the percentage of cumulative release of DOX as a function of time. As shown in fig. 3 , the amount of DOX released from the DMs or RDMs was significantly different between the DMs + US group and the DMs without US group. The results indicated that half of the DOX was unloaded from the DM group with sonication after 5 h and ~90% of DOX was discharged after 72 h post-irradiation. Nevertheless, only <50% of the encapsulated DOX was released from DMs without sonication at the same time point of 72 h. Similar experimental findings were also examined between the RDMs + US group and the RDMs without US group. These results implied that US irradiation can promote the release of DOX from DMs or RDMs in a controlled manner due to a cavitation effect. Evaluation of cell viability. To evaluate therapeutic potential, the cytotoxic activity of DOX, DOX + US, DMs, DMs + US, RDMs and RDMs + US containing 0.25, 0.5 or 1.0 µg/ml DOX for 48 h was assessed in cell culture and compared with the control group. As shown in fig. 5 , the cell viability was not altered in the DOX group, DOX + US group, DM group, and RDM group. In contrast, the cell viability, following treatment with DMs containing 0.25, 0.5 or 1.0 µg/ml DOX + US was 58.59±7.37, 37.40±4.09 and 23.73±3.36%, respectively. This percentage changed to 45.69±6.85, 25.31±2.60 and 15.67±2.83% for the RDMs + US groups. Clearly, the RDMs + US group demonstrated much higher cytotoxicity than the other treatment groups (P<0.05, fig. 5 ), demonstrating that RDMs + US significantly inhibit cell proliferation. Treatment with unloaded MBs + US resulted in no obvious cytotoxic effects on the Raji cells compared with the control group (P>0.05, fig. 5 ). , fig. 6 ). In addition, the DOX and DOX + US groups exhibited moderately increased apoptotic efficiencies compared with the control group (P<0.05, fig. 6 ). However, in comparison with other treatment groups, the DMs + US group and the RDMs + US group resulted in significantly higher apoptosis efficiencies (P<0.01, fig. 6 ). Importantly, the RDMs + US groups showed the highest apoptosis efficiencies than the other treatment groups (P<0.01, fig. 6 ).
Expression of Bcl-2, Bax and caspase-3 proteins.
As shown in fig. 7 , the bcl-2 protein was overexpressed in the Raji cell lines, whereas bax and caspase-3 were underexpressed. The protein expression in the Raji cells treated with DMs + US and RDMs + US for 48 h was notably regulated compared with the control, DOX, DOX + US, DM and RDM groups (P<0.05, fig. 7 ). The modulation of these proteins, compared with the control groups, was enhanced in the RDMs + US group. The downregulation rate of bcl-2 protein expression was 1050.28±30.41%, and the upregulation rates of bax and caspase-3 protein expression were 3134.07±712.31 and 440.11±25.05%. In the DMs + US groups, the corresponding rates were 296.57±16.05, 1686.50±251.47 and 397.83±41.72% (P<0.05, fig. 7) . furthermore, the bcl-2 and caspase-3 protein expression levels in the Raji cells from the DM and RDM groups were not significantly altered relative to the control group (P>0.05, fig. 7 ).
Discussion
The development of a targeted drug delivery system for MBs, coupled with an antibody that targets the corresponding antigen overexpressed on tumor cells, provides a promising strategy for reducing the severe adverse effects associated with chemotherapeutic drugs (21) . Since rituximab is an effective antibody that can specifically interact with the CD20 antigen overexpressed on the extracellular membranes of many human lymphoma B cells, it was used to decorate DMs in our study. eventually, a targeted drug delivery system with the advantages of rituximab-targeted tumor site orientation and controlled drug release mediated by US, was successfully prepared to enhance the DOX chemotherapeutic efficacy against B cell NHL.
In the present study, rituximab was conjugated onto the surface of DMs through avidin-biotin bridging, and polyethylene glycol (PEG) with hydrophility and perfect biocompatibility was also used to modify the RDMs. At present, the interaction between avidin and biotin is considered to be the non-covalent binding of the highest affinity that is not affected by organic solvents such as reagent concentration, pH, or protein denaturing agent. furthermore, this linkage has higher stability and specificity compared with other approaches, such as covalent linkage and electrostatic adsorption. Although this linkage approach was successfully confirmed in our experiment, its feasibility must be investigated further due to the unwanted immunogenicity. The RDMs decorated by PEG could decrease nonspecific adsorption of plasma proteins to them, which could enhance recognition and elimination by the reticuloendothelial system before they reach the desired target sites, and increase drug accumulation at the target site (22) . To ensure that RDMs easily pass through the tumor neovasculature, the diameter of the RDMs was controlled at approximately 500 nm. Previous studies have confirmed that vascular permeability is notably improved due to expansion of the intercellular space and the lack of basement membrane and smooth muscle. This results in a maximum pore size of approximately 380-780 nm, which allows MBs with a diameter of <700 nm to easily pass through the tumor neovasculature (9) . Compared with lipid microbubbles, the RDMs established showed great advantages of stability in our work. The RDMs were able to acquire a drug encapsulation efficiency of 49.12% and a loading efficiency of 4.86%, similar to a previous study (17) . furthermore, the results of the US-mediated drug release assay implied that US can induce MBs to release DOX in a controlled manner, probably due to cavitation effects.
In the present study, RDMs could attach onto the membranes of Raji cells, and comparatively, almost no red DMs surrounded the Raji cells due to the absence of rituximab on the surface. The competitive experiment indicated that RDMs lost their targeting abilities toward Raji cells when the CD-20 antigen was blocked by rituximab in advance. These findings provide direct evidence that RDMs target to Raji cells in vitro. Next, the cytotoxic effect of RDMs to Raji cells was also explored. It showed that the most profound cytotoxic effects after treatment with RDMs containing 0.25, 0.5 or 1.0 µg/ml DOX + US, were detected, compared with the other treatment groups, respectively. In the present study, the US frequency of 1 MHz was used on the cells at a power intensity of 2.0 W/cm 2 for 40 sec. This US, in combination with DOX, did not increase the cytotoxic effects of DOX compared with the DOX only group, as validated by other researchers (23) . Additionally, treatment with unloaded MBs + US had no obvious cytotoxic effect on the Raji cells compared with the control group (fig. 5) . However, the complicated mechanism of US irradiation-mediated release of drug-loaded MBs has not been thoroughly understood. We preliminarily analyzed the possibility that this mechanism could probably be involved in the following factors. i) There is high affinity between rituximab and CD-20 antigens expressed on the surface of cells. The specific conjugation between rituximab and CD-20 antigens contributes to the attachment of RDMs to Raji cells, improving the local chemotherapeutic accumulation (24) . ii) US-mediated RDM oscillation and collapse contributes to the increased release of the encapsulated drug (25, 26) . RDMs are more likely to preferentially accumulate and penetrate into cells through the EPR effect to promote the intracellular aggregation and uptake of drugs. iii) US-mediated RDM launch a powerful transmembrane shear force which facilitates the enhanced permeability of the extracellular drugs through the cell membrane (27) . Pore formation, as well as endocytosis, have been reported during ultrasound application. Pore formation was shown to be caused by microbubbles propelled toward the cells (28) . iv) finally, the stimulation of US-mediated MBs can augment the influx of calcium ions in cells and increase the hydrogen peroxide level, factors that are closely associated with enhanced apoptosis (29) . As confirmed by this set of experiments, the RDMs combined with US group revealed higher apoptosis efficiencies than the other treatment groups ( fig. 6 ). A parallel consequence was reported by other investigators (30) .
Apoptosis is closely regulated through pro-apoptotic and anti-apoptotic factors. Based on the apoptosis factors evaluated in this study, the bcl-2 family is useful for evaluating apoptosis resulting from various types of stress (31) . bcl-2 inhibits apoptosis by suppressing cytochrome c release and impeding the activation of upstream caspase pathways (32) . Translocation of the pro-apoptotic bax protein from the cytosol to the outer mitochondrial membrane results in cytochrome c and Smac release via pore formation. Subsequently, cytochrome c and caspase-9 form apoptotic bodies through the apoptotic protease activating factor-1, and ultimately activate caspase-3, leading to apoptosis (33) . Previous studies have confirmed that the levels of bcl-2 and bax protein expression relate directly to apoptotic regulation: bax elevation accelerates apoptosis and bcl-2 reduction promotes apoptosis. Therefore, the viability of cells after apoptosis induction is related to the ratio of bax to bcl-2. The results of the western blot analysis demonstrated that the level of bcl-2 protein was downregulated following treatment with RDMs + US, compared with the other treatment groups, whereas the bax protein was upregulated and the ratio of bax to bcl-2 was elevated. In addition, the levels of active caspase-3 proteins were significantly elevated in the RDMs + US group compared with other treatment groups. In short, these results revealed that RDMs + US can induce cell apoptosis through the bcl-2 protein family signaling pathway. The MB cavitation effect and the observation that the loaded drug was entirely released into the Raji cells may explain the mechanism of these cellular consequences.
In conclusion, the present study demonstrates the successful preparation of RDMs and US-mediated RDM release of DOX into Raji B cells. Our findings revealed that US-mediated RDMs can induce selective cytotoxicity and an apoptotic effect on Raji cells in vitro. Consequently, US-mediated RDM therapy, as described in this study, could be used as a novel and promising strategy for B cell NHL therapy.
